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This program emphasizes research on the interaction between
VUV/UV radiation and combustion under flow conditions. The main
objective is to demonstrate proof of concept by radiatively igniting
combustible mixtures at conditions where thermal ignition is unreliable.
Additional objectives are to provide non-intruasive (opticel) flame-
holding and to increase flame speed. Another important goal is to
improve the fundamental understanding of the role of photochemical
reactions within the whole kinetic acheme, and ultimately to identify
the most effective photodissociative path. Consequently, the program
is divided into two main subjects: ignition and enhancement. Each H
subject consgists of an experimental effort supplemented by anrenalyti-
cal effort. :
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The most significant accomplishment of the experimental effort
was obtaining succesaful radistive ignitions at very high flow veloci-
tiea, up to 250 m/a. The ignition experiments proceeded to inveatigate
the effects of equivalence ratio and Damkohler number, and a preliminary
teat was conducted to obtain ignition at supersonic flowa. The
enhancerment apparatus and diagnostice have been tested and both shadow
and Schlieren photographs have been obtained.
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This extensive experimental effort was supported by a comprehen-
sive analytical effort. A new model capable of simulating radiative
ignition under flow conditions was developed. Itas results were in good
conformity with the experimental ones. They aerved to clarify the role
of Damkohler number and to demonstrate that the VUV lampa have aufficient
output to achieve ignition even under supersonic conditions.
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The use of the HCT computer code to investigate radiative enhanced
combustion has continued and analytical evidence for enhancement was
unambigiously obtained. Dramatic increases in flame speed wvere
achieved; 62% and 29% for photodissociation of 02 and HO2, respective-
ly. The use of the model amsiasted in identifying three key factors
governing radiative combustion; absorbing species, rate of radicsl
deposition and the position of this deposition.

PRI

. These results support the concept of radiative ignition and
{ enhancement. However, the complex interactiona of photochemical

g reactions with the overall kinetic acheme are currently not fully
. understood. This research will improve the understanding and will
2. identify the most effective photodissociative paths, advancing the
concept towards practical applications. This improved fundamental
", understanding will, in turn, assist in determining the feaasibility of -
o the concept based on the availability of newly developed light aocurces
- and their compatibility with the harsh combuation environment.
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FOREWORD

This is the Second Annual Technical Report on research on
Radiative Augmented Combustion conducted at M.L. ENERGIA. It is
funded by the Air Force Office of Scientific Research under
Contract No. F49620-83-C-0133, with Dr. J.M. Tishkoff as the
Program Manager. This research succeeded and continued the work
performed under & previous Contract No. F49620-81-C-0028 at Exxon
Research and Engineering Co., Linden, New Jersey.

The research progress over the first year of the program,
from its inception on July 15, 1983 through July 14, 1984, was
reported in the First Annual Technical Report. This report
describes research progress that was accomplished subsequent to
that already reported. It covers the second year of the
contract, from July 15, 1984 through July 14, 1985. The work was
performed at ENERGIA, Princeton, New Jersey, with Dr. M. Lavid as
the Principal Investigator.

-~
[N}
LW DN

P
v 4
[

B
'
5 ¢

4

x L]
A

Pare

"I




v

----- A

raah 2 SRR 2 S ik SRR I S I T S A St SRR
. A St A A S e e T e R
LI A B s L ‘-. ., ‘.. e ‘.. ‘-‘ “_ . ", K o '., '.. .. .- .-‘..,

v
I

A
'
.

&
>,
My

Q
a

!.\
~

ABSTRACT

-—— ——— o a——

“»
!

KRR AN AAnAffily Sl

Many combustion applications are presently limited by
constraints imposed by the combustion process itself, such as
flammability, flame propagation, ignition and atability.
Consequently much attention ies being given to techniques which
can augment combustion by extending these limits. One such
promising technique is radiative augmented combustion. It is
based on the fact that radiation of selected wavelengths is
capable of photodissociating stable molecules, combustion
intermediates and other inhibiting species into reactive
radicals. Subsequent increases in concentrations of these
radicals can modify the overall kinetics and produce radiative
ignition and combuation enhancements. The potential of this
technique was previously demonstrated under static conditions.
Recently, it has been also demonstrated under flow conditions,
with advanced vacuum ultraviolet (VUV) and ultravioclet (UV) light
sources.

This program emphasizes research on the interaction between
VUV/UV radiation and combustion under flow conditions. The main
objective is to demonstrate proof of concept by radiatively
igniting combustible mixtureas at conditions where thermal
ignition is unreliable. Additional objectives are to provide
non-intrusive (optical) flameholding and to incresse flame espeed.
Another important goal is to improve the fundamental
understanding of the role of photochemical reactiona within the
whole kinetic acheme, and ultimately to identify the mosat
effective photodissociative path. Consequently, the program is
divided into two main subjecte: ignition and enhancement. Each
subject consists of an experimental effort supplemented by an
analytical effort.
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) The most significant accomplishment of the experimental o
- effort was obtaining successful radiative ignitions at very high N
flow velocities, up to 250 m/a. The ignition experiments
proceeded to investigate the effects of equivalence ratio and
Damkohler number, and a preliminary test was conducted to obtain
ignition at supersonic flows. The enhancement apparatua and Eﬁ}
diagnostics have been tested and both shadow and Schlieren
photographe have been obtained.

This extensive experimental effort was supported by a

comprehensive analytical effort. A new model capable of AR
simulating radjative ignition under flow conditions was e
developed. Its resulte were in good conformity with the ﬁfﬁﬂ
experimental ones. They served to clarify the role of Damkohler f?ﬁ;
number and to demonstrate that the VUV lampas have sufficient &q&;
output to achieve ignition even under supersonic conditions. Q'*E

The use of the HCT computer code to investigate radiative
enhanced combustion has continued and analytical evidence for
enhancement was unambigiously obtesined. Dramatic increases in
flame speed were achieved; 62% and 29% for photodissociation of
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b 02 and HO2, respectively. The use of the model assisted in gjj
" identifying three key factoras governing radiative combuation; ;f
abasorbing apecies, rate of radical deposition and the position of ) Iy
this deposition. %JE
Er:
-

These results support the concept of radiative ignition and
enhancement. However, the complex interactiona of photochemical
reactions with the overall kinetic scheme are currently not fully
underatood. This research will improve the understanding and
will identify the most effective photodiasociative paths, advanc-
ing the concept towards practical applications. This improved
fundamental understanding will, in turn, assist in determining
- the feasibility of the concept based on the availability of newly
o developed light sources and their compatibility with the harsh

i combustion environment.
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STATEMENT OF WORK

The contractor shall furnish scientific effort during the
funding period, together with all related services, facilities,
suppliea, and materials needed to conduct the following research.
The professional manpower level of this Work Statement is 1,550
man-hours.

a. Provide a combustion test facility capable of
conducting radiative ignition and enhancement experiments under
flow conditions.

b. Select and employ the most appropriate VUV/UV sources
from currently available devices.

c. Design and conduct radiative ignition tests under flow
conditions: investigate effects of equivalence ratio, pressure
and velocity (mostly laminar) on radiative ignition; measure
radiative ignition energies under flow conditions; and compare
them with conventional epark ignition data.

d. Conduct radiative enhancement experiments under flow
conditions, measuring enhancement in terms of changea in the
fundamental burning velocity and developing highly sensitive
meagurement techniques to senae changes in the burning velocity.

e. Incorporate into the static initiation (ignition) model
the convection heat and mass (species) transfer terms. Compare
experimental data with model predictions. Undertake additional
model revision and refinement as deemed neceasary from the
comparison.

£f. Modify and revise the HCT model to simulate radiative
enhancement under static and flow conditiona. Calculate flame
propagation properties and compare with experimental data. Use
the model to explore the interaction between spectral absorptance
and subsequent photo and chemical kinetics, and tranaport
phenomena in reacting flow esystems.

g. Perform calculations to find the optimum conditions for
deposition of radiative energy in the reaction zone and to
determine the radical production that results from this
radiation. Include the effecta of wavelength-dependent optical
properties, such as absorption coefficients, transmittance, and
also temperature sensitive reaction rates.
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STATUS OF THE RESEARCH

O R
PR
.

The period of performance of the entire Radiative Augmented
Combustion program is thirty-six months (1), and the present
contract awards cover the first twenty-four months (2). The
research progress over the firast twelve months, from the
inception of the program on July 15, 1583 through July 14, 1984,
was reported in the First Annual Technical Report (3). This
section reports on recent research progress that was accomplished
subsequent to that already reported. It covers the period of
performance of the second contract year, from July 15, 1984
through July 14, 1985. It is divided into two main efforts;
Experimental and Analytical. Each effort conasiasts of two
research topics; radiative ignition and radiative combustion
enhancement.

A. EXPERIMENTAL EFFORT

In the previous proposal (1, 2) experiments were proposased
to investigate photochemical ignition under flow conditiona and
photochemical enhancement of burning velocitiea. Both of these
objectives were significantly advanced during the last contract .
period. A flow reactor for the study of photochemical ignition T
was designed, built, and extensive experimentation was ‘~4
accomplished. A pancake burner to study photochemical enhance-
ment of premixed gaseous flamea was built and tested along with
ita aasociated optical diagnostic equipment. Thias system has S
been operated with propane/air and hydrogen/air flames both with e
and without ultraviclet irradiation from the EIMAC lamp. ;-

The ignition and enhancement experiments are discussed
aeparately in the following sections.

After several design studies, the flow reactor design that S
was previously proposed for this work (2) was replaced in favor '
of a simpler and analytically more tractable design. It is shown

in Figure 1. t:%

The test section was made from a section of 1/2 inch 0.D. R
stainless steel tubing approximately 20 inches long. Halfway
along the length of the tube a slot was milled into it of such

shape as to hold a cylindrical ILC lamp with the outer face of ' Q;f
its window near the centerline of the tube. This design {*i
eliminated the use of LiF windows between the VUV source and the :

mixture, thua eliminating one set of window losaes. Hydrogen and -
oxygen were admitted to the upstream end of the tube through S
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F' separate legs of a "Tee"”. They mixed at the "tee” and as they
3 . flowed along several feet of tubing (at lesat 4 ft of 1/4 in.
0.D. tubing or at least 10 ft of 1/2 in. O0.D. tubing, depending
on the flow rate) to the inlet of the test section. The position
of the lamp is over 20 tube diameters downstream from the inlet
end of the tube to assure fully developed flow at that position.
The lamp was sealed in the tube with silicone rubber.

-

re
'.‘

2

-
-
~
~

Figure 1.

Radiative Ignition Apparatus For Flow Condtions
a. Flow reactor, b. ILC Lamp

The system required rather substantial flows of hydrogen
and oxygen, (3.6 liters/s to produce a Damkohler number of unity)
much of which was exhusted from the test section unburned.
Experiments with low flowrates (high Damkohler numbers) were
performed in a standard chemical hood, and experiments with high
flowrates (low Damkohler numbera) were perforsed outside on a
field adjacent to the laboratory.

Ignition experimenta were conducted in the following
manner. Hydrogen and air flow rates were set to give the desired
equivalence ratio and flow velocity within the test section. The
lamp power supply was set to give the required number of joules
per pulse, and the pulse rate was set at 3.2 pulses per second.
Then, the experiment was run for as many as forty pulses.
Ignition was detected by an audible "pop*" from the apparatus (at
low Damkohler numbers this "pop" became a sharp window rattling
“crack”™). If no ignition was obtained, the pulse energy was set
at a higher value and the experiment was repeated. When ignition
: was obtained, the experiment was repeated at gradually reduced
l pulse energies (the least energy increment was 1/2 joule) until
“h ignition was no longer obtained (after obtaining ignition the

aystem would usually ignite at lower energies than was the case
prior to the first ignition). The least energy at which ignition
was obtained during this decreasing energy progression was taken
as the minimum ignition energy.
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The definition of the Damkohler number is that it is the
ratio of convective time to chemical reaction time. For our work
this was taken as the ratio of the time for a flow element to
paas over the apature of the lamp window (0.75 cm) to the
radiative pulse width (approximately 0.0001 sa).

The results from this work are presented in Figure 2. This
figure gives the minimum ignition energy in joules per pulse that
was delivered to the lamp from the power supply as a function of
Damkohler number for several equivalence ratios. It is important
to note that the pulse repetition rate was sufficiently high that
the power supply capacitors did not have time to fully charge
between pulses. Therefore, the energy delivered was lesa than
the energy set (stored) on the ceapacitors in the power aupply.
Thia fact was corrected as described below.

The ratio of delivered voltage to set voltage for a fixed
repetition rate is a function of how the capacitoras are connected
in the power supply. The two capacitoras were connected in aerieas
for energy ranges from O to 12.5 3j, one capicitor only for energy
ranges from O to 25 j, and in parallel for ranges from 0 to S0 3.
For the O to 12.5 j range, the ratio of delivered to set voltage
was measured to be 0.867, and for the 0 to SO ] range it was
0.688. Measurements for the O to 25 j range were not conducted
and the ratio for this intermediate range was taken aa an average
of the high and low ranges (i.e. 0,778). This intermediate range
affected only two pointa. The ratio of the energy delivered to
energy set is the square of these voltage ratios. Conaequently,
the set ignition energy was corrected for this effect to give the
true electrical energy delivered to the lamp, and it is this
energy that was plotted in Figure 2.

Examining the results shown in Figure 2, it is revealed
that minimum ignition energy is least for 0.5 equivelence ratio
and increases for either fuel-leaner (0.3), or fuel-richer
mixtures (0.7 and higher equivalence ratios for which it is about
the same). This new experimental finding that fuel-lean mixtures
are more favorable for photochemical ignition, is an important
corroboration to previous results obtained with excimer lasera
under static conditions (4). The experimental reaulta also
indicate that minimum radiative ignition enerjy is relatively
independent of Damkohler number for numbers greater that one, but
it is a atrong inverse function of Damkohler numbera less than
one. .

This radiative ignition system was analytically modeled,
and initial results were reported in referance (5). However, the
original model did not include oxygen atom recombination
reactions. It has since been expanded to include that effect.
The derivation of the model with O-atomas recombination ias given
in Appendix A, and the resulte are included in the asection on
Analytical Effort.
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These recently obtained experimental results demonatrate
that photochemical ignition is feasible for high speed gas
streams even at relatively low pulse energies, (we got ignition
with as little as three joules), provided the pulse duration is
sufficiently short. Flows at atill higher velocities may be
ignited with low radiative energies if the pulse width is further
shortened. This is true because Damkohler number is inversely
proportional to the product of pulse width and flow velocity.
Thus, raising one while lowering the other to keep their product
constant, can maintain constant Damkohler number. By properly
controlling pulse width (and thus Damkoler number) this
technology may be used to ignite even hyperaonic flows.

The idea of using VUV irradiation for supersonic flows,
which are known to be very difficult to ignite, was tested at
NASA Langley Research Center. A very preliminary and limited
test was conducted using the Mach 2 nozzle described in reference
6. The same ILC light sources, used in the experiments described
above, were installed on the superaonic combuator aas ahown in
Figure 3. The combustible mixture was hydrogen-air at a low
stagnation temperature of about 1800 R and at equivalence ratios
of 0.4 to 1.0.

Mach 2 Noxzie

\I LC I;AHP

Figure 3.

Schematic of Mach 2 Apparatus

In the first series of runa (Runs #35) the lamp was
installed at the bottom of the test section irradiating upward.
Strong and intensive kernels were observed on the UV TV monitor,
but full combustion was not obtained (Figure 4, a & b). However,
as the flow became subsonic, yet at very high velocity (250 m/s),
ignition was detected (Figure 4, c).
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+ In the second series of runs (Run #36), the lamp was yb
;; inatalled at the top of the test section irradiating downward. lﬁg
' In addition, a wedge was inserted upatream of the lamp to improve Pg
mixing. similar results were obtained, partial ignition at F .
\3 supersonic conditon and full ignition at subsonic conditon as -HQ
:j shown in Figure 5, a & b, reapectively. Q&
- My
‘:j We concluded that the lack of sustained combuation at r\
4 aupersonic flows was due to either inadequate mixing at the ﬁ&
. vicinity of the lamp (as can be seen in Figure 4, a, from the Ehﬁ
= relative large distance, 1/4", between the lamp’s window and the .
-~ ignition kernel, indicating low concentration of 02 at the u}g
A window), and/or insufficient light intensity for such high el
- velocity (Da = 0.1). Before further attempte are made, a N
- solution to theae two problems will be sought. s
.
- The succesaful subsonic ignitiona extend the acope of our X
- experimentsa by allowing ua to reech higher velocitiea. Moreover, sl
- based on NASA’s results we incline? to believe that there ia no on
ii conceptual difference between subsonic and supersonic photo- -ﬁQ
chemical ignitions, provided equsl quantitiea of radietion are ':é
absorbed by the fluid element at the ignition kernel under both E:d
conditions. Thia point can be substantised by comparing the 'ﬁj
ignition kernels in superaonic flow (Figure 4, a) and in subsasonic A
flow (Figure 4, d). Under both conditions the kernele are very ﬁ}
aimilar. N
- Another point worth examining is the adequacy of light L;
e intensity. This can be achieved by conducting two different -ﬁ&
jﬁ photochemical ignition experiments. In the first experiment, the ;{
»i supersonic velocity be decreased from M = 2 to about M = 1.5. 1In e
i other words, Damkohler number will be increased to favor =~
= ignition, yet supersonic flow is still masintained. 1In the second sad
. experiment, the stagation temperature can be increased until Eg
Kj photochemical ignition is obtained. Thie provides a combination
i of thermal and photochemical dissociation, thus, lowering the
p .~ light intensity required to obtain ignition as compared to photo- :
- chemical ignition alone. -
. -

[}

Lastly, as previously discuaeed, combustible mixturea at
- supersonic and even hypersonic conditionas may be photochemically
L ignitable by properly controlling the pulse width of the VUV
light source. To prove this point, preparations are being made
to use the newely obtained VUV CERMAX lamps in a pulsed mode.
These lamps have much more VUV output than the ILC lamps, however
. they are designed for a continuous mode operation. We are in the
-~ midat of modifying the electrical circuit to provide a pulsed
> mode. After the modification is completed these CERMAX lanmps
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will be first tried under subsonic conditions, and i{if aucceaaful,
will be uased on the Mach 2 nozzle of NASA Largley.
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The pancake burner that wae described in reference 3 has
been designed, built, and put into operation. The combuatible
mixture exits as a jet from a small orifice in the thin top plate
of a plenum chamber producing a conical flame. The orifice
diameter is of the order of two mm and the optical pathlength
from the window to the flame front is very short, 2-4 mm. Thia
“pancake’ design was chosen because of the experimental
asimplifications it offers in achieving axisymmetric illumination
with short optical pathlengths. 1It also haa the window on the
cold reactants side of the flame where it is not aubjected to the
high temperature of the producte. It has been operated with
propane/air and hydrogen/air flamea, both illuminated and non-
illuminated. 1Initial problema were encountered with the
configuration of the flame and with the accurate determination of
its shape and size. These problems have been addreased through
adjustments of the burner port size and through improvemetns in
the diagnostics.

The diagnostic system for measuring changes in flame cone
angle to determine changes in burning velocity waa diacuaased in
reference 3 Appendix B. It haa been designed, built and teated.
Both shadow and schlieren photography have been used. While the
shadow technique has been the most auccessful technique used thus
far, the optical system is being refined to fully exploit the
inherent advantages of the schlieren technique (3). The
diagnostic light source is a He:Ne laser with output in the
vigible red. The output beam is diverged with & negative lens,
intercepted with a 6 inch diameter, 60 inch focal length front
surface spherical mirror (the collimating mirror), passed to a
similar mirror (the focussing mirror) thence over the test
section, through the focal point (at the knife edge in the case
of a schlieren), and onto a projection acreen. Direct photo-
graphy was not used because of inadequate luminosity emitted by
hydrogen-air flames in the visible apectrum.

Figure 6 is a shadowgraph of a hydrogen-air flame without
ultraviolet illumination. The right-hand two thirda of the
burner plate is shown in profile with the flame located at ita
center. : The flame is clearly visible as dark cone surrounded by
a jet of burned gas. The outer edge of the dark zone is the
flame front.

Figure 7 showa a similar shadowgraph with the VUV light on
and shining up through the gas port in the plate. Thia
demonatrates that the intenae VUV output has no adverse effect on
the clarity of the image.
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‘i Shadowgraph of Hydrogen-Air Flame Without VUV Illumination

Figure 7.

Shadowgraph of Hydrogen-Air Flame With VUV Illumination
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Figure 8 is a schlieren photograph of the unilluminated
flame. In this figure the flame cone is rendered aa a bright
central zone.

RAPFEAEL AR R hA), 134

A
0

Schlieren Photograph of Hydrogen-Air Flame Without VUV Illumination

These figures were taken during shakedown of the apparatus
and they were not intended to produce quantitative data.
However, they provide valuable information about the flame half
angles, which are approximately 4 degreea. The sensitivity of
the half angle, 8, to relative change in burning velocity Uo is
given by:

de = tan 6 dUo/Uo E;é#

N Thus, to detect a 10 percent change in burning velocity 3{3,
around 8 = 4 degrees (at constant gas jet velocity U), it is iifi
necessary to resolve an angular change of 0.4 degrees. This is ~——
quite achievable as our initial results demonstrate, but our - 1

control and imaging techniques must be improved.

To make detection easier, it is desirable to stabilize the
flame at lower jet velocities, U, resulting in shallower flames i 1
with larger cone half angles. For example, if a half angle of 10 ~
degrees can be achieved with a atable flame, then a 10 percent A
change in burning velocity will result in a one degree change in
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5 half angle, and a corresponding decrease in the value of the ﬁ%b
minimum detectable burning velocity change. Such improvements in DAY
. flame geometry will be an important part of our forthcoming F;
. efforts. 5
k 33&
R In addition, the jet velocity U must be held rigorously ?&%;
constant both with and without illumination or corrections muat Q:g
i be made for the effects of jet velocity variation. These ‘ﬁf
by corrections have been derived. E+~

The system was found exceedingly senaitive and capable of
responding even to very small changes of density generated by the
. hydrogen-air flames near the fuel-lean flammability limit. The
I experimental technique will be further refined during the next

contract period to produce the anticipated enhancement in flame
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e In summary, during the last contract period the T
. experimental effort has: fo
RS
; ool
l 0 Designed and fabricated apparatus for testing radiative £
- ignition under flow conditionsa. e
- o Investigated photochemical ignition of H2-air mixtures ﬁij
- over the equivalence ratio range 0.3 to 1.2 for Damkohler numbers 3}:
. in the range 0.36 to 4.4 (a velocity range from 208 to 17 wm/s, Sl
- respectively). Kl
. _\-‘:.
:f o Conducted preliminary radiative ignition tests at Fiﬁ
; supersonic conditionas (M=2). e
i o Obtained auccessful radiative ignition at high flow ﬂﬁt
= velocities, up to 250 m/s. =
o Concluded that combustible mixtures at supersonic (and RS
even hypersonic) conditions may be photo igniteble by properly AN
controlling the VUV power. S
! o Designed and fabricated a pancake burner for studies of
N radiative burning velocity enhancement.
- o Installed the EIMAC light source on the burner and
N tested it with both propane/air and hydrogen/air flames.
? o Developed shadow and echlieren diagnostics for detecting
. enhancement in burning velocity.
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B. ANALYTICAL EFFORT

The experimental effort described above was complemented by
an analytical effort which also proceeded on two fronts:
ignition and enhancement. :

- e e W v ¥ -
AU NI Al

To gain essential insight into the experimental work on
radiative ignition in flow systems, it became necesaary to
) investigate the problem theoretically. Accordingly, a
¥ generalized theory of the problem was constructed and then
' particularized to the experimental configuration. The detaila of
N the theorectical development are contained in Appendix A. In
brief, the model considers the photodissociation reaction 02 + hv
--=> 20, which is excited by a 0.0001 a , square pulae of input
radiation, and the oppoaing three body recombination reaction O +
O+ M ---> 02 + M.

. The criterion for ignition is that it occurs when the

" photochemically induced oxygen atom number density achievesa a

- value of 1E16 atomas/cc. Thias value represents 0.06% dissocia-
tion, for stoichiometric hydrogen/oxygen at atmospheric pressure

i and 298 K, since at these conditions the molecular oxygen number

' density is 8.2E18 molecules/cc. Thia is the order of magnitude

A of the critical oxygen atom number density that was also

calculated in reference 3 for static systems. The dependent

- variable is the criticality ratio, F, which is defined as the

- ratio of oxygen atom density to the critical oxygen atom density.

. Thua, when F is equal to or greater than unity, ignition occura.

The general theory was particularized to a two-dimensional
nodel of the experimental system. A schematic diagram of the
model is shown in Figure 9.

CTERRS TS

|

|

Figure 9

OS] = ot ot P U ] I

Schematic Diagram of the Photochemical Ignition Model
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In the model, x is measured along the flow direction from
the leading edge of the window, which is the origin of
coordinatea. All space dimensions are non-dimensionalized by the
window diameter L, and time is non-dimensionslized through the
pulse width ti., The Damkohler number, D, was defined as the
ratio of the convective time across the window (i.e. through the
bear of parallel light from the pulsed lamp) to the radiation
pulse width (i.e. the photochemical reaction time).

Several important assumptiona were made in setting up this
model. They are:

1. Diffusion is negligible over the duration of the
radiative pulse.

2. Only two cheaical reations (photodissociation opposed
by recombination) are considered important over the duration the
pulse.

3. Flow velocity, Vx, is constant throughout the field.

4. The spectral absorption coefficient, while wavelength
dependent, is constant throughout the field for any given
wavelength.

Asgsumption 1 is undoubtedly very good on the 1lE-4. scale of
the radiative input pulse, although it might have to be relaxed
if one chooses to study quenching phenomena within microns or
less from the surface of the window. Assumption 2 is reasonable.
The first reaction, 02 + hv ---> 20, simulates the photochemical
effect. The second reaction ia the opposing three body
recombination (i.e. O + O + M ---> 02 +«+ M). The rate conatant
for this reaction was taken aas 3.59E15 cmé/mole2 sec. This
recombination reaction was included because it represents a major
loas to the system. Other chain reactions that are involved in
the ignition process were already incorparated in deriving the
critical number density. Assumption 3 is non-essential. Any
flow field can be readily imposed on the system. However, a
uniform flow field simplifies the interpretation of the results,
and results from this case can be extrapolated to other flow
fields so long as sssumption 4 is reasonable. Assumption 4
depends for its validity upon the degree of photochemical
dissociation that is achieved. 1If the 02 concentration isas
constant' throughout the field, then so is the spectral absorption
coefficient, and assumption 4 is exact. For small percenta
dissociation assumption 4 is excellent. However, when F reaches
100 for stoichiometric hydrogen/oxygen at atandard conditions,
approximately 6 percent of the 02 is dissociated and asaumption 4
begins to degenerate. When F reaches approximately 800, all of
the 02 is dissociated and assumption 4 is void. In our work the
important criterion is satisfied when the system achieveas the
critical number density. At that point only 0.06 percent of the
02 is dissociated and assumption 4 jia excellent.
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The spectral characteristic of the radiation source is that
of the ILC lamp as shown in Figure 10 (1).

0.8

Relative Intensity

0.2

A

140

60 160 200

Havelength {nm)

Figure 10

220 240

Spectral Distribution of Intensity of the ILC l.amp.

.

The apectral absorptivity for 02 (at standard conditions)
is shown in Figure 11 which is constructed from the data of

reference 7.

short wavelengths,

Notably, the ILC lamp is rich in energy at the

where the spectral abaorptivity is the
greatest. Over the wavelength range of the lamp (145 to 245 nm)
the spectral absorptivity falla sharply from 3.96E2 to 1.35E-5
per cm. Thus, the deposition of photons within the gas is
extremely wavelength dependent.
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o’ The model was evaluated for the following input conditions: :2;
k.
- Stoichiometric hydrogen/oxygen AN
- \ "
hAS L%,
i P = 1 atmosphere AN
‘\. N -.N
» SN
- T = 298 K i.
Electrical energy input to lamp = 3 joule :3?
i Lamp efficiency in VUV = 2 percent of electrical input ;ﬁ:
' Lamnp output in VUV = 0.06 joule EE:
N Window (beam) diasmeter = .75 cm . S
" Pulse width = 0.0001 & .
;: Critical number density for ignition = 1E16 atoms/cc 2
'A : Damkohler number range = 0.001 to 10 Eé:
N Sl
% ' Velocity range = 7.5E6 to 750 cm/sec L
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Figure 11.

g
N Spectral Absorption Coefficient (l/cm) for Molecular Oxygen at
a Standout Conditions, (plotted from date of reference 7).
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The results of this work are shown in figures 12 through
20. Figures 12-15 show the criticality ratio (the ratio of local
O-atom number density to the critical value for ignition) as a
function of axial distance along the stream at the adjacent
surface to the input window (i.e. at zero depth in the atream).
In these figurea the window extenda from O to 1.0 (dimenaionlesas)
along the abscissa. All these figures refer to 0.06 j of light
output from the ILC lamp distributed over a spectral range from
145 to 245 nm as shown earlier in Figure 10, (except in the case
of Figure 16). The 0.06 ) output represents our lowest
experimental ignition energy of 3 j at a 2 percent lamp
efficiency in the VUV region. They all show the effect of
Damkohler number, and taken in sequence they clearly demonatrate
the effect of window transmittance or optic contamination.
Figure 12 has no filter (contamination) but the other three
figures (13,14,15) have longpass filtera with variouas short
wavelength cutoffs at 155, 165 and 175 mn, respectively. The
effect of short cutoff (hard ultraviolet loas) is profound (note
the scale change for Figure 15). Thias profound effect of ashort
cutoff reflects the dramatic decrease of 02 absorptivity with
increaaing wavelength (see alao Figure 11),

In order to examine the effect of wavelength dependence on
the criticality raitio we focuas our attention on conatant
Damkohler number (i.e. D=1). In the case of spectral
diatribution from 145 to 245 nm without a filter the criticality
ratio reaches a value of 36 near the leading edge of the window.
When a filter ia installed and the radiation between 145 and 155
is cutoff (only 10 nm from a range of 100 nm), this ratio isas
significantly decreased to a& value of 12 (Fig. 13)>. In Figure 14
the VUV radiation between 145 and 165 nm is eliminated from the
lamp (additional increment of 10 nm) and the ratio fells to 8.
Moreover, thia value is reached further downatream from the
leading edge. From these runs we conclude that it ig only the
shortwavelengthas that interact strongly with molecular oxygen.
Figure 16 emphasizes this point. It is the case where the entire
0.06 j is irradiated at 175 to 245 nm range, and there is no
filter loss of total energy as in the previous filtered cases.
Figure 15 represents the same spectral distribution (175 to 245
nm) exept that it has a filter that cuts off energy between 145
to 175 nm, causing a reduction of about 30% in the 0.06 j output
as compared to Figure 16. Comparison between the results for D =
1 reveals that the criticelity ratio is only slightly decreaaed
from 0.6 (Fig. 16) to 0.5 (Fig. 15). Both valuees are obtained at
the trailing edge of the window. This finding shows that the
reduction in criticality ratio astems almost entirely from loas of
absorption, and not from decrease of radiative energy.

The effect of Damkohler number on radiative ignition can be
atudied by examining the results represented by any of the
figures 12 through 16,
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Focussing of Figure 12, it becomes clear that for Damkohler
numbere greater than unity (velocitieas leas than 75 m/s), the
criticality ratio exceeds 30 times the threshold value required
for ignition. Furthermore, this value is reached right at the
lending edge of the window. When Damkohler number ias decreased
to 0.1 (750 m/s, supersonic flows), the previously obtained atep
distribution of the criticality ratio becomes exponential in
nature, and the high ratio of 30 ie reached only at the trailing
edge. For D = 0.01 (velocity of 7500 m/a, hyperaonic flows) the
criticality ratio dropa precipitously to a value of 6 far at the
trailing edge. This meana that if the required critical density
of atomic oxygen .for ignition were an order of magnitude larger
than the calculated one, (i.e. 1E17 instead of 1E16 atomsa/cc),
the ILC lamp will not be anymore capable of photochemically
igniting this hypersonic mixtures. Thua, for Damkohler numbers
of 0.01 and lower (velocities over 7500 m/s) photochemical
ignitions become questionable with the currently aveailable ILC
lamps. A remedy to this difficulty was discussed earlier,
suggesting to increase the VUV power by, for example, shortening
the pulse width.

It ies intereating to note that if the Damkohler number were
zero (velocity ie infinity), the criticality ratio would
everywhere be zero (no ignition), whereaas if it were infinity
(velocity is zero, i.e. the static case), the ratio would be a
step distribution extending along the entire window. The
conclusion drawn from the figure ia that even for very low
Damkohler numbera (0.1), the ILC lamp should achieved ignition.
This conclusion was corroborated by the experimental resulta
reported above.

Figures 17 through 20 show the effect of Damkohler number
and equivalence ratio (Z) on the maximum criticality ratio
achieved at the window for 0.06 j light pulses and no filtering.
The criticality ratio is constant for Damkohler numbers above
about 0.2, for all the four equivalence ratios (1.2, 1.0, 0.5 and
0.3). However, it increases in value with decreaasing equivalence
ratio. This is undoubtedly an absorption effect. At atandard
conditions, as the mixture becomes more fuel-lean, more molecular
oxygen is available for photodisaociation. Thia trend with
equivalence ratio corresponds to our experimental resulta
reported above, where minimum ignition energy 'decresed with
decreasing equivalence ratio until g = 0.5, then the trend is
reversed. This experimental reversal probably results from an
increase in the necessary critical number density (i.e. 1E16) at
lower equivalence ratios. Although we have taken this number as
constant for all equivalence ratioa in our model, it must be a
function of equivalence ratio at extreme values. Because at very
low fuel-lean conditions ignition cannot be achieved and
maintained (heat release is less than heat loss). The variation
of the critical denasity with equivalence ratio has not yet been
calculated, but it can be calculated by the same methoda iused in
reference 4. This point deserves further investigation.
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- These analytical results are in good conformity with our
experimental results and they serve both to explain them and to
generalize them. They have accomplished several goala. They
have clarified the role of Damkoher number, and demonstrated that
the ILC lamp has sufficient output to achieve ignition even at
low Damkohler numbers (For D = 0.1, corresponding to supersonic
flows). The analytical results have also shown how controlling
the spectral distribution of the radiation can control the
geometry of the ignition region that is induced in the ga=.
Finally they have demonstreted that VUV radiative igniticn favors
fuel-lean mixtures over stoichiometric and fuel-rich mixtures.
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We have continued to use the HCT model to investigate the
nature and extent of photochemical enhancement of combustion. In
work reported in references (3,5,8), laminar flare speeds were
calculated for base cases employing the usual reaction kinetics
for H2/air, and for caeses in which the photodiasociation of
either molecular oxygen or the hydroperoxyl radical was
simulated. The approach used was to include the unimolecular
dissocistion reactiona (02 ---> 0 +« 0, or HO2 ---> OH + 0) with
apecified rate conatants. These results are summarized in Table
K II or reference (3). The most significant series of runs are
. those numbered 43 through 48, all at equivalence ratio of 0.4.

The base case (Run 43) with no photodissocietion gave a flame

speed of 47 cmn/e. With a rate constant of k = 3 1/s, the
- inclusion of the reaction 02 ---> 0 + O throughout the reactor
o gave a calculated flame speed of 43 cm/s. This lowering of the
;{ flame speed was attributed to the presence of H202 well ahead of
. the flame front. The hydrogen peroxide was the end product of

the unimolecular disesociation, 02 --> O « 0, occurring in the
unburned gas. It was thus found necessary to limit this
reaction to the flame front. The first attempt at doing so was
- to include the photodissociation reaction only in those regions
(cells of the numerical scheme) in which the temperature was
within e specified range, typiceally “400 to 700 K. The major
finding wags that the reaction HO2 ---> OH ¢ O with k = 1E6 1/e
gave an increase of flame speed to 60 cm/e. The rate conatant
was erroneocusly given in reference (3) as 1E4 1/s. The correct
value is 1lE6 1/s, as reconfirmed by duplicating the run aa Run
75, discuased below. In this cese, a substantial incresae in
the concentrations of O, H, and OH and a significant decrease in
HO2 and H202 at the flame front were observed.

A RATLTAPAAE

;e

e

In order to understand more clearly the role of the i
photodissociation of 02 and HO2 in combustion enhancement, v
additional runs of the HCT model suggested by the earlier work e
have been mede. These runs were performed in two groups: -
earlier runs, designated Series I, and later runsa, Series 1I, r

AR S

nade to follow up on the first set. We describe the results and S
P discuss the concluesions drawn from these two groups of runs in ]
- order. e
% N
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The results of the rung of Series I are summarized in Table
I; all are at the equivalence ratio of 0.4 at atmospheric
pressure. Runs 62 and 70 incorporate the dissociation of HO2
with lower rate constants than the value previously used; 1 1/a
and 100 1/s, respectively. The flame speed calculated for Run 62
is 47 cm/s, unchanged from that of the base case with no
photodissociation. The value for Run 70 (k = 100 1/8) is between
48 and 49 cm/s. The apecies profiles for this run are given in
Figure 21 (a,b,c,d,e,). Comparison of these profiles with those
of the base case given in Figure 8 of reference (3) reveals no
essential difference. Thus, the inclusion of the photodissocia-
tion with these lower rate constants has no significant effect on
flame propagsation in the system under consideration, although a
slight increase in flame speed is indicated. After these runs,
the question of the response of the flame speed to the photodis-
socliative rate constant for HO2 was unanswered. The product
radicals of thet dissociation participate in several significant
reations which in turn produce HO2 (e.g. via chain-branching, and
02 + H+ M ---> HO2 + M, see Table I of reference (3). We
auspected that this feedback could result in a nonlinear response
and proceeded to study the question more fully in the runa of
Series I1I.

SUMMARY OF SERIES I ENHANCEMENT MODELING RUNS FOR H2/AIR
AT ATOMOSPHERIC PRESSURE AND EQUIVALENCE RATIO OF 0.4 USING HCT

Run Simulated Rate Spatial Flame
Number Photodissociation Constant Extents Speed
(1/8) (cm/8)
62 HO2-~>0H+0 1 R 97
65 02 -~->0 +0 3, increased W:400-700 43
during run to 30
67 02 -->0 +0 300 W:400-700 47
69 02 -->0 +0 3000 W:375-700 S1
70 HO2-->0H+0 100 R 48.5

R = Photodissociation throughout entire reactor
W:T1-T2 = Photodissociation confined to reactor region in
which the temperature ia between T1 and T2 (K).
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SPECIES PROFILES FOR RUN 70 OF TABLE I
PHOTODISSOCIATION OF HO2 WITH RATE CONSTANT OF 100 1/s
ABSCISSA IS RELATIVE FLAME POSITION (em);
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The remaining runs of the first series, numbered 65, 67,
and 69, model the photodissociation of molecular oxygen at
increasing values of the rate constant. Numerical problemas did
arise in these cases, associated with the use of a temperature
window to limit the reaction to the vicinity of the flame front.
For example, with the window set at 400 to 700 K, the zones used
in the numerical discretization which were just ahead of the
flame convectively heated to a temperature just exceeding tle
lower limit of the window, thereby turning on the reaction 02 --->
O + 0. The resulting oxygen atoms participate in endothermic
reactiona which in some circumstances lower the temperature
sufficiently to shut the dissociation off. This oscillatory
behavior caused the automatic time step algorithm of the
integrator to require smaller and smaller time steps, eventually
resulting in a value below the permissible minimum related to
machine precision (5,8). It was found by Dr. Westbrook that this
problem could be ameliorated by restarting from a flame which was
propagating stably, then turning on the reaction and adjusting
the limits of the window. By a&ao doing, it was possible to obtain
the final steady flame speed values reported.

We turn now to the results obtained in the oxygen
dissociation runs of Series I. Run 65 is similar to Run 44 of
Table II of reference (3), but with the temperature window
approach which succeassfully eliminated the presence of O and H202
eahead of the flame. With the temperature window of 400 to 700 K,
the rate constant waa increased from 3 1/8 to 30 1/8 during the
run. The flame speed stabilized to approximately 43 cm/s. The
species profiles for this run are not presented here because they
are essentially identical to thoase for the base case given in
Figure 7 of reference (3). Again, it appears that the inclusion
of the unimolecular dissociation of 02, at these rates and with
the spatial distribution imposed by the temperatue window used,
does not significantly alter species concentrations, but does
lower the calculated flame speed from the bage case value of 47
to 43 cm/s.

In Run 67, the rate constant was further increased to 300
1/e, with a return of the flame apeed to the base case value of
47 cm/a. Species profiles for this run are displayed in Figure
22 (a,b,c,d,e). Several differences are evident between these
profiles and those of run 43 (ahown in Figure 7 of reference (3);
comparison with those in Figure 21 of this document is helpful
becuase they are essentially identical to those of the base
case). Slightly ahead of the flame, a second peak has appeared
in the oxygen atom profile which is undoubtedly due to the
inclusion of the unimolecular 02 ---> 0 + 0O with a temperature
window. Examination of the temperature profile (not ashown)
reveals that the position of the shoulder coincides with the
region in which the mixture temperature is between 400 and 700 K.
The larger peak coincidesa in position with the conventional peak
exhibited in the base case, but its peak value is lower, the mole
fraction dropping from approximately 0.0024 to 0.0018. The
profiles of the remaining species plotted (OH, H, HO2, and H202)
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have retained the same shape and position relative to the flame,
but peak concentrations are lowered in all ceses. 1t appears
that atomic oxygen at this level and with the indicated spatial
distribution with respect to the flame front is driving the
reactions to completion with lower concentrations of radicals and
intermediates, without appreciably changing the flame of speed.

We now examine the results of Run 69 with the rate constant
further increased to 3000 1/a, for 02 ---> 0 - 0, giving a flame
apeed of S1 cm/s. This is an increase of approximately 9% over
the base case. The species profiles are given in Figure 23
(a,b,c,d,e). Again the oxygen atom profile differs from that of
the base case by the presence of a second peak ahead of the flame
front astemming from the high rate of unimolecular dissociation of
molecular oxygen at the temperature window. In this run,
however, the second peak has a maximum value much greater than
that of the conventional peak occuring in the same relestive
position as in Run 67, due to the higher rate constant. The
narrowvness of the second peak, as the case also for Run 67, is
due to the fact that the mixture temperatue rapidly exceeds the
upper limit of the temperature window and does so at the point at
which the peak subasidea. The other (conventional) peak which
followa this induced peak is due to the usual reaction pathways,
but has a much lower maximum concentration than the corresponding
peak of the base case (mole fraction of approximately 0.0018
compared to 0.0024). This lowering of peak values can also be
seen to occur for all the other profiles. The maximum values do
correspond to those obtained in Run 67, except for H202, can be
seen to have been translated slightly to the post-flame aide of
the central flame position indiceted by zero and defined from the
location of the zone of maximum energy deposition. It ias evident
that peak concentrationa of OH, H, and even O at the flame center
are lower in Run 69 than in the bese case, and yet the calculated
flame speed has increased.

From these runs it was not possible to distinguish the
effects due to the value of the dissociative rate constant and
those due to the choice of temperature window. It appeared that
the peak in oxygen atom concentration ahead of the flame front
was an artifact due to the low value selected for the upper limit
of the temperature window. More important, from photochemically
simulated runs in which the atomic oxygen level was actually
lower at the flame front: than in the base case, we believed that
its presence was not consistent with the objective of combustion
enhancenent. We resolved to study this question more thoroughly
in a second set of runa, designated here as Series II,

The results from Series Il are summarized in Table II. We
begin by discussing those runs which model the photodissociation
of HO2. For thease caases no tempersture window is required
because the absorbing species, HO2, is present only at the flame
front. These runs will be conaidered in the order: Numbers 73,
74, 76, and 75; with increasing value of the rate constants:
1E4, 1ES, SES and 1E6 1/a, reapectively.
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EIGURE 23

SPECIES PROFILES FOR RUN 69 OF TABLE I
PHOTODISSOCIATION OF 02 WITH RATE CONSTANT OF 3000 1/s
ABSCISSA 1S RELATIVE FLAME POSITION (cm);
SPECIES INDICATED ON GRAPH
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TABLE 11

SUMMARY OF SERIES II ENHANCEMENT RUNS FOR H2/AIR
AT ATMOSPHERIC PRESSURE AND EQUIVALENCE RATIO OF 0.4 USING HCT

Run Simulated Rate Spatial Flame
Number Photodissociation Constant Extente Speed
(1/8) (cm/8)

72 02 -->0 + O 3E3 W:375-1300 76
73 HO2-->0H+ O 1Eq R 48.5
74 HO2-->0H+ © 1ES R 50.5
75 HO2-->0H+ O 1E6 R 60.5
76 HO2-->0H+ O SES R 56.5

77 02-->0 + O 3E2 W:375-1300 1)

78 02-->0 + O 1.2E3 W:375-1300 66

R = Photodissociation throughout entire reactor
W:T1-T2 = Photodissociation confined to reactor region in which
the temperature is between Tl and T2 (K).

The calculated flame speed for Run 73 is 48.5 cm/s, an
insignificant increase (3%) over the flame speed of 47 cm/s
obtained in the base case, (Run 43, Ref. 3). This result is
similar to that obtained for Run 70 with a lower rate constant of
1E2 1/8. The species profiles are also virtually identicel to
those of Run 70 (Figure 21), and thus are not presented here.
However, despite the similarity this run is important in
deternining the minimum threshold rate constant (i.e. VUV
intensity) sbove which a radiative effect begins to play a
dominate role in enhancing the flame speed. This is corroborated
by examining Run 74. The rate constant is increased by an order
of magnitude (from 1E4 to 1ES) and the fleame speed is 50.5 cm/s,
an increase of approximately 7% over the base case velocity.

When the species profiles (dashed curves) are compared to those
of the base case (s0lid curves) in Figure 24 (a,b,c,d,e), the
readily discernible difference is that the HO2 and H202 peaks are
diminished. The inclusion of the unimolecular disaociation HO2
--> OH + O explains the lower concentration of HO2. Considering
the other species, we observe that the peak concentration of each
of the fast radicalas (0,H,0H) in the bsae case is approximately
twenty times the peak concentration of HO2. We would, therefore,
not expect to see major changes in these profiles, even if HO2
would be completely photodissociated. Close examination of them

37
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FIGURE 24
SPECIES PROFILES FOR RUN 74 TABLE 11
SOLID CURVES-BASE CASE, NO PHOTODISSOCIATION
DASHED CURVES-PHOTODISSOCIATION OF HO2 WITH RATE CONSTANT 1lES 1/s
ABSCISSA 1S RELATIVE FLAME POSITION (cwm);
SPECIES INDICATED ON GRAPH
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does reveal that, with the dissociation of HO2, their maximum
concentrations are slightly increased. Moreover, a small
shoulder has appeared on the oxygen atom profile at a position
alightly ahead of the flame front which coincides with the
location of the HO2 peak and at which the hydroxyl radical
concentration is slightly incressed. These somewhat elevated
radical levels result in a decreased concentration of hydrogen
peroxide via such reactions as H202 +« O ---> H20 +« 02; H202 + H
-=-=-> H20 + OH; and H202 +«+ OH ---> H20 + HO2.

The observations just made for Run 74 apply as well for
Runs 76 and 75 with rate constantes SES and 1E6 1/s, respectively.
The profiles for these cases are found in Figures 25 and 26
(a,b,c,d,e), respectively. Due to the increased value for the
rate constant, the changes in species profiles from those of the
base case are more dramatic. The HO2 and H202 peaks diminish and
the O, H, and OH peaks enlarge as the rate constant is increased.
The shoulder on the oxygen atom profile has become a small peak
in Run 76 and a more pronounced pesk in Run 7S,

Most importantly, the greater rate of HO2 photodissociation
has also increased the calculated flame apeed to 56-57 cm/as (the
best bracketing values which can be determined from the run;

56.5 cm/8 ia used for comparison) for Run 76 and to 60.5S cm/e for
Run 75. The photodissociation of the hydroperoxyl radical
evidently results in circumventing (' short-circuiting') the
radical terminating pathways leading to HO2 and H202, and results
in a significant increasse in flame speed. We have summerized all
the flame speed values for the HO2 runa in Table III. A change
in the rate conatant from 1E2 1/s to 1E4 1/e to 1ES 1/8 produces
a modest improvement in the increase over base case velocity from
3% to 7%; whereas the further increase to 5ES5 1/s gives a
considerable gain of 20%. With the value 1lE6 1/a, the flanme
speed shows a subatantial increase of 29% over the base case
value. This nonlinear response of the flame speed to the rate of
dissociation suggests a threshold for significant enhancement due
to a feedback in which the product radicals participate in
several significant reactions which in turn produce HO2. 1It is
not clear how much further the trend toward increased flame speed
will continue; undoubtedly at some value the HO2 would be
depleted 8o rapidly that no further increase in flame apeed would
be achieved. This value is yet to be determined.

We now examine the results of the recent runs modeling the
photodissociation of molecular oxygen. As discuased above, we
suspected that the temperature window of “400 to 700 K (3,5,8),
used to limit the photodissociation reaction to the flame front
in the firast series of rune, had not been well chosen. In fact,
by producing a apike in the oxygen atom concentration too far
ahead of the flame, the concentration of radicala at the flame
front had actually been reduced, giving either no enhancement
(Run 67) or even a retardation (Run 65) of the flame apeed. UWe
deternined to make a series of runs with a higher limit for the
temperature window. The previously encountered numerical

40
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FIGURE 26

SPECIES PROFILES FOR RUN 75 TABLE Il
SOLID CURVES-BASE CASE, NO PHOTODISSOCIATION
DASHED CURVES-PHOTODISSOCIATION OF HO2 WITH RATE CONSTANT 1E6 1/S
ABSCISSA IS RELATIVE FLAME POSITION (cm):
SPECIES INDICATED ON GRAPH
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TABLE III

—————— -~ ——

INCREASE IN FLAME SPEED VERSUS
DISSOCIATIVE RATE CONSTANT FOR HO2

Rate Calculated Increase
Consatant Flame Over

(1/s) Speed Base Case

(cm/8) (%)
(o] 47 -(Base Case)

1 Q7 -
1E2 48.5 (48-49) 3
1E4 48.5 (48-49) 3
1ES 50.5 7
SES 56.5 (56-57) 20
1E6 60.5 29

difficulties again occurred. Dr. Westbrook arranged for the
kinetics module of the HCT program to be modified so that the
modeled reaction is brought on more smoothly. Thias modification
resolved the time-step difficulty and allowed the desired results
to be obtained more easily than before.

The first of the 02 runs we discuss is Run 72 which showed
the most significant enhancement with a calculated flame speed of
76 cm/a, an increase of 29 cm/s over the base case, of 47 cm/s.
This represente a profound enhancement of 62% (1). The
temperature window used was 375 to 1300 K. The upper limit of
1300 K was chosen to extend the modeled photodisasociation, 02 --->
0 + 0, sufficiently far into the flame front so that the two

separate peaks encountered in Runs 67 and 69 would coalesce into ]
a single peak. Yet the reaction would not extend into the post-flame o
region and distort the equilibrium reached. .{{ﬂ
From the aspecies profiles for this run presented in Figure 'ffJ
27 (a,b,c,d,e), it can be seen that this goal was achieved. With [r;,
3000 1/s as the rate constant, the peak oxygen atom concentration :wff
has nearly doubled and the peak has broadened considerably. As :‘:]
expected, through chain-branching reactions the higher RS
concentration of oxygen atoms has almost doubled the peak of 533

hydrogen atom concentration, and haa increased the maximum
concentration of the hydroxyl radical. The position of all of
these peaks has been displaced slightly toward the burnt-gas side
compared to the base case, presumably due to the temperature
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FIGURE 27 g
SPECIES PROFILES FOR RUN 72 TABLE II

SOLID CURVES-BASE CASE, NO PHOTODISSOCIATION E&a

DASHED CURVES-PHOTODISSOCIATION OF 02 WITH RATE CONSTANT 3E3 1/S g*
ABSCISSA IS RELATIVE FLAME POSITION (cm): ?

SPECIES INDICATED ON GRAPH }&Q
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window chosen. As for other cases, the increased concentration
of fast radicals has reduced the concentration of HO2. Unlike

o other cases, the hydrogen peroxide profile is not changed
appreciably, but is displaced toward the burnt gas with the
appearance of a small shoulder on that side. The overlap of the
enhanced fast radical pool with the location of increasing water

L

o~ r-
o production undoubtedly accounts for theae changes (via, e.g., H20 ,i
. + OH ---> H202 + H). o

. l-".-\:
L The most notable result from Run 72 is the dramatic $ﬂ
2 increase of 62X in calculated flame speed produced by the Pl

< increased concentration of radicals at the flame front. This .
- result is especially significant when one compares the 76 cm/s £
!' obtained to the value of 51 cm/s calculated for Run 69. The only e
difference between these two runs is the temperature window used,
a point to which we shall return below. Table IV summerizes the R
increase in flame speed obtained for this run and subsequent }ﬁf
other recent 02 runa. It is instructive to compare these results P
to those of HO2 runs shown in Table III. ‘:;

TABLE IV S

INCREASE IN FLAME SPEED VERSUS B
DISSOCIATIVE RATE CONSTANT FOR 02

r’ v :

.
:"‘
s

L
el

Spatial Extent; Temperature Window 375-1300 K

A N S

o

Rate Calculated Increase Over o

Conatant Flame Speed Baase Casge k{ﬁ

(1/8) (cm/8) % E&

0 47 -~ (Base Case)

3E2 55 . 17
1.2E3 66 40
3E3 76 62

In Run 78, the value for the rate constant for the
dissociation of 02 was reduced to 1200 1/s. The flame speed
obtained decreased from that obtained for Run 72 to 66 cm/s,
atill an increase of 40% over the base case value (See Table IV
above)>. The profiles, shown in Figure 28 (a,b,c,d,e), are
similar to those of Run 72. As expected, the peak of the oxygen
atom concentration ia lower than in that run but still increased
over the base case. A small shoulder is evident on the unburnt-
gas side of the peak, commencing at the lower limit of the e
temperature window. The HO2 profile also resembles that for Run el
72, but the hydrogen peroxide peak is further decreased (below e
the base case value), not having the copious supply of radicels iif
to enlarge it. —
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FIGURE 28

SPECIES PROFILES FOR RUN 78 TABLE II

SOLID CURVES-BASE CASE,

NO PHOTODISSOCIATION

DASHED CURVES-PHOTODISSOCIATION OF 02 WITH RATE CONSTANT 1.2E3 1/S
ABSCISSA IS RELATIVE FLAME POSITION (cm);
SPECIES INDICATED ON GRAPH

r v
o

[

e r
Fal

r

- -
2

l,"'-s
ol

AL

.
.

Xy
! .‘
,
_‘!_L_&

&
—(‘ ,

vl b,

o,
O
.

'r._': &

. ‘;D
i XE

™

R
L.

L0030 - -
) *—1 - -
] o
.0028 | ) j L
_ el 1 K-
e -] ‘:m-'_'
= s
(@ %
- .mst .
e DA
= T
© ‘AT
=
0010+ L
0005 e
b et
RS
-~ "
° E |
-t 1
S
—r ————— < e
i oo
: : g
L0030 i - -~
3 -
H H ; -
0025 - i - U
3 Hig 3 Y
e * {f : R
= o020t b - R
H d . "y
b ] F
[™ -
(b) TH s 1 RO
. - + e
° ] T
=
2 e
0010 S
1 'i{l.
.e008 - -1 —_
] RN
[ B RS
-4 [ S
AN
49 4
P * T e Wt . e’ ata Y. et .. - .. - - . : M
L T e e N e e e e e A e R T TC IR I I R S B
PO IPIRP SPCBVONT I i e e e P A B I A S R RS, ST g S PO, Sy I O R, SR S




R G A A Tl At b At A SaeF pubale™a by nie Y in ahuspie mte R uNatna g S sl b AN DA R ] A he At 0te £l DinBia yie Sha phech o nie i Sha A RER 5 S a

.o0t2
L0020

Figure 28

(e)

RTINS (continued)

Mole Fraction

[ FSTTTUSUT TUUIN PUIUR FUTUN PUVON FUVIN FUVTE PUUIN IOV TOW

@ £

Mole Fraction

00005

00004 -

T

.00003

T~

.00002

L0080 -

..A-lL...l...Ll‘...l...-l.;Ajl....l....I...‘l-A-AlLAJ.l....I...

00824 N d M — v T o v

000221

.oomt» Hoa0o

(e)

T

08012

Mole Fraction

T

00008 |

v
2 [ 4
S,

L4

x

00002~

1,
L4

IVVVT TS TUVYS PYTUR FUUIN PIPIN FUURT FUTIY FUUT FURTN PUPUN PRIVS

’
'l
0
’

4

\n
c |
-

o " Y PO * . " AT

. Ot .
NIV A -L-l‘hﬂ\ \-n-z.uy LLR-hL‘,.hlAF‘\A[-




RACAN Al ndeh

-
.
.
-
P

The rate constant was reduced still further to 300 1/& in
Run 77 with the same temperature window. Again it is instructive
to study the species profiles of this run displayed in Figure 29,
The atomic oxygen maximum concentration is lower in this case
than in the base case despite the inclusion of the photodissocia-
tion of 02. However, a prominent shoulder can be observed ahead
of the flame, which begins at the location at which the mixture
temperature exceeds the lower limit of the temperature window.
As observed before in Run 67, the deposition of atomic oxygen
ahead of the flame front can lower the thermally produced peak
which follows. Due to the temperature window used in Run 67, the
photodissociative deposition ceassed before the thermal production
commenced, producing a separated peak without enhancement. 1In
Run 77, however, this deposition continues throughout the flame
front giving a calculated flame speed of 55 cm/s, a 17X increase
over the base case. The profiles for H and OH show similar
behavior with lower peak values, but with both profiles displaced
toward the unburnt gas. It may well be that these radicals are
consumed in the more rapid destruction of the recombination
products HO2 and H202, which here both exhibit conaiderably
diminished peaka. The results of this run deserve further
investigation. However, it is noteworthy that, at this level of
oxygen dissociation slightly leading the flame front and
continuing through it, the calculated flame speed is signifi-
cantly enhanced.

3. Conclusions of the HCT Analytical Results

Based on these findings, we discuss more generally the role
of radical deposition by photodissociation in combustion
enhancement. The measure of enhancement which has been used is
an increase in calculated flame speed. The objective of
increasing flame speed is promoted by actions which cause the
unburnt mixture to proceed more rapidly to products, here H20.
Incresaing the pool of fast radicals (0O, H, OH) via either photo-
dissociation of 02 or HO2 should have this result. Recently, in
related work performed at M.L. ENERGIA, Inc., under contract to
the National Science Foundation, the beneficial effect of the
photodissociation of HO2 on the second explosion limit in
hydrogen/air mixtures has been investigated, both experimentally
and analytically (9). It has been demonstrated that the
photodissociation of the metastable HO2, which is the result of
radical recombination (chain-terminating), is capable of
extending the explosion limit. Similarily, the work discussed
above has shown that photodissociation of HO2 as well aa 02
results in a substantial increase in flame speed. Moreover, the
runs conasidered here have shown that, in general, these two
approaches of photodissociating 02 or HO2 act in concert. That
ia, an increase in concentration of fast radicels reduces HO2

concentration. Likewise, photodissociation of HO2 yields more O

and OH. It remaina to examine in more detail the effect of the

HO2 on enhancenment.
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FIGURE 29
SPECIES PROFILES FOR RUN 77 TABLE Il
SOLID CURVES-BASE CASE, NO PHOTODISSOCIATION
DASHED CURVES-PHOTODISSOCIATION OF 02 WITH RATE CONSTANT 3E2 1/S
ABSCISSA IS RELATIVE FLAME POSITION (cm);
SPECIES INDICATED ON GRAPH
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In considering the radical deposition achieved, there are xR
three main factors: absorbing speciea, rate, and position. We ot
have focussed on the photodissociation of 02 and HO2, the first AR
giving two oxygen atoms and the second, an oxygen atom and a *
hydroxyl radical. With the rapid equilibration within the O-H-OH D
pool, there should be no clear advantage of the one over the
other with respect to the product radicals. This expectation is R
confirmed when we examine the increase in flame speed obtained t¢
versus the rate of radical production for the two different ho
abacorbers (02 and HO2). This rate is the product of the rate i
y constant used times the absorber concentration. We compare Runs -
% 76 (HO2) and 77 (02) which gave nearly equal flame apeeds (56-57 'jw
- - versus SS cm/s). Let m be the total molar denaity (mol/cm3) of e
' the mixture, which is nearly equal for the two cases at s
ﬁi corresponding locations. The representative mole fraction of -

molecular oxygen at the flame front for Run 77 ie taken to be E y
0.15, giving a concentration of 0.15 m. The rate of radical _ﬁ;f
production in Run 77 is thus twice the rate of the dissdciation fj}
of 02 or, -i:

bi (2)(300)(0.15S m) = 90 m mol/cm3.s.

- For Run 76, the representative mole fraction for HO2 used is

£ 7E-S, approximately half the peak value of the base case profile
with no HO2 dissociation. The resulting radical (0O and OH)
production rate is,

(2)(SESY>(7E-S m) = 70 m mol/cm3.s.

photodissociation.

The importance of the position of the radical deposition
with respect to the flame front became apparent in the comparison
of the results of Runs 69 (flame speed of 51 cm/s) and 72 (76
cm/s). As noted above, the only difference between these runs
was that the temperature window used for Run 69 allowed the
oxygen atom concentration to drop to the base case level before
the thermal production commenced. In Run 72, the window (375-
1300 K) was chosen to cause the two separate peaks to coalesce
into a single broadened peak. Because the second window contains
) the first, it is true that more total energy was deposited in Run
- 72 than in Run 69. When the temperature and molecular oxygen o
- profiles are superimposed, it is evident that the oxygen con- e
centration is decreasing rapidly by the point the temperature has Hfﬁ
exceeded 700 K. Consequently, the difference in total absorbed -
energy would not be significant. . f

These observations also apply to the comparison of Runs 67
(flame speed of 47 cm/s) and 77 (55 cm/s), which again differs
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only in the temperature window used, i.e., primarily in the
position of radical deposition. The importance of optimizing
this position appears to favor the photodissociation of HO2 in
practical combustion asyatems. Becuase auch aystems generally
operate fuel-lean, molecular oxygen would be present on both
sides of the flame front, making it difficult to deposit the
necessary short wavelength VUV energy (140-180 nm) at an optimal
position in the flame front. In contrast, the HO2 peak is
intrinsically in the correct position. In addition, the
existence of wavelength regions in which HO2 (longer VUV
wavelengths, 200-260 nm) ias the primary absorber facilitates the
delivery of the energy to this location. However, the low
concentration of HO2 does require high intensity irradiation or
efficient utilization of the incident photons (e.g., multiple
pass optics) to achieve the desired rate of radical production.

With the use of the HCT model, we have thus been able to
prove the fundamental chemistry of the propagating flame in the
presence of the photodissociation of 02 and HO2 and thereby
identify the key factors governing photochemical combustion
enhancerent. The effect of these factors on calculated flame
speed and their inter-relationships have been explored in two
series of runs, selected on the basis of extensive previous work.
Bagic insights gained from interpreting these results have
provided valuable guidance for the experimental program and will
continue to do so.

STATUS

In summary, during the last contract period the analytical
effort has:

© Developed a model for radiative ignition capable of
analyzing the effects of flow on photochemical ignition.

o0 Obtained analytical resulte which are in good conformity
with our experimental data.

o Clarified the role of Damkohler number, asnd demonstrated
that our VUV lamp has sufficient output to achieve ignition even
at low Damkohler numbers (supersonic flows).

o Examined the effect of waveiength dependence on
radiative ignition and concluded that short wavelengths ('“hard"
VUV) are most effective in photodissociating 02.

o Corroborated experimental results that VUV radiative
ignition favors fuel-lean mixtures over stoichiometric and fuel-
rich mixtures.

o Continued to use the HCT model to investigate radiative

enhanced combustion and obtained analytical evidence for
enhancement.
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© Conducted two series

photodissociation, and concluded:

- Previously obtained double peak in O-atom
concentration was an artifact of the temperature
window used. It cesused unwarranted depletion of
radicals at the flame front, and thues preventing the
! flame from achieving its fullest potential velocity.

- Correcting this
increages in flame
photodigssociation,

o Identified three key

combustion enhancement; absorbing species, rate and position,

and concluded:

- The rate of radical deposition is a more important
factor than the species undergoing photodissociation

(02 or HO2).

~ The position of deposition ies also important, with
the favored position being at or slightly ahead of the

flame front.
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of rune simulating both 02 and HO2

artifect resulted in dramatic
speed (62% and 29% for 02 and HO2
respectively).

factors governing radiative
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1. Lavid, M., and Stevens, J.G., “Photochemical Ignition of
Premixed Hydrogens/Oxidizer Mixtures with Excimer Laser®,
Combustion and Flame, 60, 2, (1985).
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Ly 2. Lavid, M., Blair, D.W., and Stevens, J.G., “Photochemical
l Effect on the Second Exploaion Limit of H2/02 Systenm;
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;~ 3. Lavid, M., Stevens, J.G., and Wesastbrook, C.K., “Enhancement of
" Premixed H2/Air Flames with Photochemically Produced
g . Radicals-Analytical Modeling®.

- 4. Lavid, M., and Blair, D.W., "Experimental and Analytical
. Results of Radiative Ignition in Premixed Hydrogen-Air
" Flows".

k-' Papers 2 thru 4 are in preparation for submission to either
> Twenty-First International Symposium on Combustion, Combusgtion
E- and Flame or Combustion Science and Technology. Similer topics
. will be submitted for presentation at the 1985 Technical Meeting
h of the Eaatern Section of Combustion Institute in Philadelphia,
< Pennsylvania.
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INTERACTIONS

A. Presentations
Four presentations on Radiative Augmented Combustion were
made during this reporting period as follows:

© Drexel University MEM Department, Philadelphia,
Pennsylvania.

o AFOSR Contractors Meeting, Pittsburgh, Pennsylvanis.

o Department of Mechanical Engineering, Technion, Haifa,
Iarael.

© 1984 Technical Meeting of the Eastern Section of the
Combustion Institute, Clearwater Beach, Florida.

B. Interest Expressed by Other Researchers

The interest in the whole subject of combustion enhancement
is continually expanding. Werd and Wu (10) proposed microwave
radiation as a means of enhancing the flame speed to allow use of
lean mixtures in spark-ignition engines. According to their
theory, the microwave field principally heats the electrons of
the flame, and the hot electrons tranafer energy to the reacting
species. The resulting increase in the population of higher
vibrational states of the reacting species, especially that of
oxXxygen, is said to increase reaction rates in the flame, as
suggested by Jaggers and von Engel (11). This increase in the
reaction rates is expected to be greater than that which results
from gimple thermal heating of the bulk gasea. Ward (12,13
compared theoretically and experimentally cavity quality factors
and concluded that the microwave flame-plasma interaciton was
strong as predicted. Additional work by Ward (14) in a constant-
volume combustion bomb suggests that burn time can be reduced by
the application of microwaves in conjunction with plesma-jet
ignition. Subsequent experiments by Clements and coworkera
(15,16) show that the flame-plasma electrons are heated and that
changes in flame speed are on the order of 5% to 10X when gas
breakdown does not occur.

Recently, several researcher (17) at General Motors
Research Laboretory reported an increase of 6% in burning
velocity of fuel-lean premixed laminar flames with microwave
radiation. However, they concluded that the enhancement is not
due to & radiative (photochemical) effect but rather due to a
thermal effect. The incresse in flame aspeed is explained in
terms of aimple microwave heating of the bulk gases in the flame
zone, which yields a higher flame temperature, ENERGIA has '
established open commumication with Drs. T. Sloane, R. Hickling
and E. Groff from the General Motors group.
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Interest in our Radiative Augmented Combustion is reflected
by the many requests for additional technical information listed
below. Special interest was expressed by researchers working on
plasma jet ignition and flameholding such as Professor Felix
Weinberg at Imperial College, London, Professor Eli Dsbore at the
University of Connecticut and Dr. G. Burton Northam at NASA
Langley, Hampton, Virginia. NASA’s interest in our radiative
technique has been pursued to a cooperative experiment in which
ENERGIA provides the VUV light sources to be mounted on NASA
supersonic combustion facility. The objective is to determine the
feasibility of utilizing VUV photodissociation for ignition and
flameholding in supersonic flows (scramjets), which are known to
be very difficult to ignite. A very limited and preliminary test
was already conducted on NASA’s Mach 2 combustor. The results and
conclusions are given in the section Experimental Effort. This
collaboration is planned to be continued. .

Another strong interest in our research was expressed by
Dr. Lyle O. Hoppie of the Eaton Corporation. They investigate
another approach for achieving enhanced combustion. They preheat
the fuel to about 550 C prior to injection. Recent reported
results (18) are that reduction in ignition delay time and
increase in combustion rate are obtained.

In a related work under a grant from the National Science
Foundation, the concept of Radiative Augmented Combustion was
successfully demonstrated (9). The idea waa to promote
combustion through photodissociation of reaction-inhibiting
species into reactive radicals which participate in chain-
branching reactions. This idea was tested in H2/air syastem by
investigating its capability to extend the second explosasion
limit. It is well known that this limit is attributed to three
body reaction, H «+ 02 + M ---> HO2 + M, followed by the removal
of HO2 from the kinetic scheme. This reaction becomes
increasingly important at higher pressures where it competes
fiercely with the chain-branching reaction, H + 02 ---> OH + 0.

This research demonstrated that the photodiasociation of
the metastable radical HO2, HO2 ¢« hv ---> OH + O, can effectively
compete with the terminating reactions. It restores radicals to
the pool and mitigates the influence of the three body reaction.
The experimental evidence for this was an affirmative extension
of the second explosion limit. Increases in the pressure limit
as great as 24% percent were obtained.
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E During this period the following professionals expressed N
Y interest in our research: LR’
Dr. Steven L. Baughcum, Los Alamos Natinal Laboratory, New .f
D Mexico. g
b - "
f Mr. Theodore A. Brabbs, NASA Lewis Cleveland, Ohio. Hgf'
- b‘_‘-‘.
g

- -
oy

Dr. Claudio Bruno, Dipartimento di Energetica, Politecnico di
Milano, Italy.

Dr. Hartwell F. Calcote, Aero Chem Research Lab., Princeton, New
Jersey.

L Prof. Eli K. Dabora, University of Connecticut, Storrs,
Connecticut.

- Prof. Peter Gray, University of Leeds, England.
- Dr. Edward G. Groff, GM Research Laboratories, Warren, Michigan.
Dr. Alan Hartford, Los Alamos Scientific Lab, New Mexico.

Prof. Clarke E. Hermance, University of Vermont, Burlington,
R _ Vermont

. Dr. Lyle O. Hoppie, Eaton Corportation, Southfield, Michigen.

Dr. David Mann, US Army Research Office, Research Triangle Park,
North Carolina.

Prof. Arthur M. Mellor, Drexel University, Philadelphia,

g Pennaylvania. fjj
- Dr. G. Burton Northam, NASA, Langley Research Center, Hampton, Rl
s Virginia. 5&2
f‘ Prof. Herschel Rabitz, Princeton University, Princeton, New %f:

Jersey. ROy
Dr. Ramohalli, Flow Industries, Inc. Kent, Washington.
Dr. Felix Schuda, ILC Technology. Sunnyvale, California.

- Prof. K. Seshadri, Univeraity of California, La Jolla, G

X California. i£§

Dr. Tom Sloane, GM Research Laboratoriea, Warren, Michigan.
Prof. Felix Weinberg, Imperial college, London, England

= Dr. Charles K. Westbrook, Lawrence Livermore Laboratory,

- University of California, Livermore, California. F__
- : L
-
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SUMMARY: ASSESSMENT OF RESEARCH RESULTS

-—— o - - — e - o ——— - - - —-——

This research has demonstrated the capability of the
radiative technique to both ignite and enhance combustion
processes and to broaden normally encountered stability limits.

The research on radiative ignition and combustion
enhancement is providing fundamental information on a unigue
combustion process. Concepts which represent & new departure and
extension of conventional combustion practice can evolve from the
. experimental and analytical results being obtained. Aspects of
» the radiative ignition and enhancement concept have been already
: demonstrated under both static and flow conditiona. Successful
pulsed light socurce ignition experimente at very high flow
velocities (up to 250 m/a) reconfirm the radiative augmented
concept and demonstrate the technical feasibility of designing an
advanced optical-radiative igniter. Potential radiative
ignitions with & continuous light source imply the poasibility of
using the light as an optical radiative flame stabilizer with no
pressure loss instead of the conventional intrusive flameholders.
Preliminary experimental results of radiative combustion
enhancement in terms of higher flame speeds and larger extince-
tion times and distances suggest an opportunity to extend the
combustor operating limits. It is based on knowledge that the
increase in flame speed is indicetive of higher combustion rate
which can result in extension of the operating envelope of flash-
back and blow-off limits.

The extensive analytical results reported here, in
particular, the dramatic increases of up to 62X in flame speed,
give us confidence that radiative augmented combustion can beconme
& potentially viable technique for extending current aircraft
operating limits associated with combustion phenomena. However,
more supportive experimental results are needed before eventual
application to gas turbine engine systems can be envisioned both
for improved combustor operation and flameholding. Some future
areas of potential application are: high altitude combustor
reignition following flame-out, drag-free flame stabilization in
supersonic combustor, and added flexibility for conventional
combustors to use future alternate fuels. To this end,
additional radiative ignition and combustion enhancement
experiments under flow condiitons are planned to be conducted
during the third year of this program, together with a continued
VUV light source development in the direction of improved beam
intensity and optics.
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o Radiative ignitions of flammable gas mixtures have been

X repeatedly demonatrated in static systeme (1-5), and more
recently also in flowing aystema. It haa become necessary to

ﬁJ supplement the experimental effort with a theoretical

' invesatigation of the effects of flow on radiative ignition.

L In a typical radiative ignition experiment, ignition is

YOy obtained through the absorption of ultraviolet radiation from a

Y pulsed short arc lamp. The radiation pulse widthas are of the

T order of 1E-4 s. In a static system a given fluid element ias

. exposed to the radiation during the entire period of the pulse,

o and if sufficient photons are absorbed during the pulse to

' produce radicals in excesas of a critical concentration, ignition
occurs. Theoretical calculations, which have been presented in

: previoua reports (3), have determined the critical radical

- concentrations that are required to produce ignition.

ol In a flowing system the situation is changed in that a

- given fluid element moves relative to the radiation field during

<. the pulse, and it sees a different intensity-time reletionahip
than would be the case in a static system. If the time of
passage of a fluid element through the radiation field is very

T long relative to the pulse width, then the aystem is quasi- i

"i astatic, but if the time of passage is short relative to the pulse {};

o width the system is truly dynamic. It is the Damkohler number :Tﬁ
ol (D) that differentiates between atatic and dynamic ststema. It Y
is defined as the ratio of the convective time acroas the [;i

radiation field to the radiation pulse width. For D’s greater R
than unity the system is considered static, and for D’e equal or §;<
less than unity it is a dynamic aysten. -

The analysis of this section addreseses the criticality s
ratio which ias the ratio of the radical concentration that is t;i
produced photochemically in a dynamic system relative to the o
critical concentration required for ignition (which should be the AR
- same for atatic or dynamic systems). If this critical
- concentration is exceeded, ignition is said to occur. This "
' calculation can also be used a§ the initistion input to a kinetic PN
calculaetion which will then follow the development of the Evj
combustion reactiona. In this work however, it is restricted to ) L
calculating the radical concentration achieved relative to the
critical value, i.e. determining the criticality ratio.
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The model is based upon the continuity equation with oo

ignition being initiated by a pulae of ultraviolet radiation. It e
is assumed that each active photon produces ki radicals of <
species, Ri, i.e. it considers the reaction, h

Ll

The continuity equation may be written as, N

1) 2L » /.zﬁ_[v'(ft'@ﬂ i

where:

mass fraction of aspecies 1 -
e lﬂj

mass average velocity, cm/s

o
Py
2

0

-

mass density, g/cm3

mass rate of production species i, g/cm3 s

LI o <™
meow moae e

diffusion velocity of species i relative to
mass average velocity, ca/s

The species production rate is taken as the sum of a
photochemical rate and a non-photochemical rate:

o =Mp + e

where: -
= mass rate of production of species i
through induced photochemical reactions

Tl
~

L/T , = mass rate of production of species i by all
“ch other chemical reactions

In terms of number densities the chemical terms can be written as,

- =/ ;if“
Y gl NA “ : L_j

A
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Y and for the photochemical reaction in particular,

-
. w
L . b d ' [ ] o
g =

= 7. .
. “p N. “P R

\:t LS
0 S.'

5 where: Nt

5 -

y M“‘ = molecular weight of species i, g/mole ]

.j:; NA == Avogadro’e number, molecules/gmole
- - .
. — number rate of production of epecies i

' RN
.. /P through induced photochemical reactions,
1/cm3 a N

For the photochemical reaction, R S

A+ hvr 2>k Ry, B

“P o
where: :"{.

- .
' mP E the photon flux rate vector, photons/cm2 & oM
:jf-_- In the case of photone of a single frequency and J
= propagating along a path 2 A
” e
e where: %
= - A iy, ~ J 5
a5 d j = «£ / X <+ ; j + k Z ' et
TV e rhy = =, rh_ expl—=(4-L0)

- P pMpo €XP[~%p! o
: I3
. e
- and, NS
: n. = k.x_m

S ' exXpP\—~ - B
- “pP “« P°po P P (j jc)] R
“ where: o
' O(F = optical absorption coefficient, 1/cm e
R rﬁfoE input photon flux at !:z photons/cm2 s o

e '*A
K £ =—distance along optical path, cm X

1
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In these terms, the rate of production of species i
becomes:

A = 'M'\f;' k/' "‘P r'l")P, ex P{"qF (I‘Io)]"" A
and equation (1) becomes:

oY, - - Mé k!‘ = L”"’ja exp [-KP(‘( = O)]

2.) j_i'— Na .P
+ ALith [_V(fY.. \4)]
K £

The equation is now put into dimensionless form by defining
the dimensionless tine‘zrand distance e;es:

t

A

L

L =

—+

e =

where: ti is the photo-pulse width and L is a characteristic
lateral dimension of the input light beam.
If the velocities are written as:;

rpe

A
A\
A
\4.
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fa where: v; vi are scaler magnitudes, and Y« are unit vectors, Fas
e and Yi is expressed relative to its critical value . ?ﬁ‘

through: o

Y Y A
]
\'.‘(\
13
v '.
" 'v'.“l

S

! v
AN

where: Yic is the critical mass ratio of i required to produce |

o~ ignition. .{E
‘- Equation (2) can be written as: ﬁ%:
;I 'f:‘

oF ] A - _i;g t: e ' ~
— ——— » V F -— + Cad ] 4 |“,""‘,
33') + Vv t, <

. T 'R Ve p

v _sz.(,:\z,) =

g :;
5 In eq. (3),YV is now taken in terms of 69' E%, Damkohler’s ;;n
first number, is defined as the ratio of convective time to E

chemical time. It ie expressed in a dimensionleass form aa:®

D, =

: At =
The critical time, t%, is defined as: :xi

42.) t = NaP Ve R

. - [J b N

i; Or, noting that, {ZS

Y. = Nie My .

”

Z
>
9
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where:

tc is the time it takes an element of gas at d.pth!’appto
achieve criticel radical mass ratioYﬁcas e result of photon
inputmgin the absence of all other effects. The ratio ti/tc is
the ratio of radiation input pulse width to this critical time.

Equation (3) is the general working equation for the case
of input photon fluxMpo representing photones of a single
wavelength. A real radiation source has a finite spectral
bandwidth, and its input is specified in terms of an intensity I.
The overall intensity, lg, is specified as watts/cm2 steradien
while the spectral intensity, I , of which it is omposed isa
specified in terms of watts/cm2 steradian nm, where wavelength A
is expressed in terms of nanometers. .

The term in eq. (3) that is affected by this change is the
first term on the right hand side, ti/tc.

The spectral distribution of pulsed light source that is
used in this work (the ILC source) was measured by Cerkanowicz
(7). It was reported as I; versus ) in the spectral region from
142.5 to 250 nm. The relative intensity Ig is defined in terms
of a standard intensity J.,.(i.e. IREIA/IStd ). Assuming thest Ig
is independent of Igiy one can vrite for any intenaity Io,

N
I, = I.s{:J IR J A
A

Combining this with the definition of IR results in:
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The energy at wavelength A absorbed at a point at depthf-}o
in the gas is given by,

I 5 exp [~ (£-4,)] 4

The photon flux conteained inIAia:

oy A3

v, v
LAY
Ol'.

hc

where:
h = Planck’s constant
C Svelocity of light in vacuum
The rate of photon absorption at an interior point in the

gas as a result of input radiative intensaity Io at its surface
(assume a parallel input and surpress the unita of ateradiana) isa:

M
L

o oM Jy expl= o, (£-£)]

he \1.d2
A ).}

The terntﬁ#c in eqg. 3 now becomes:

!

M. kd. t«' | Io |
e i e

. B . - P S e LT e e e m e e e e e e e ~ -
. . - - . - . - . . L S S S S AR .« - . ~ . , . -
e e e e e T e e T . I T TN . SN - R PR -
. JCRR R I PRI T AT TR T SIS SR IRL AT SR e et T s N T e e sttt et “J‘ e
L

. . B . D A R P R S SO S AT
R AR P A TR P MR P . R . * ot et e T et
a B, P 2, TP WP O Wy Wl i S Yt | V Wiy G PG Y PR Wiy WY VI VAP PRI UR Y AP U PR TR T DR TR DR IR R g, - Sl




(AR S Y

'
&
i

or alternatively,

M
koI tﬁ 2N AIg ex p[- KA(I—L)]
n, hc S Is dA
N; N

In these terms, for the spectrally distributed case, equation (3)
becomes:

This reault was used to model the two-dimenaional case in
which flow is along the positive x-axis and radiative input ia
along the positive y-axis as is shown in figure 1A,
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Figure 1A
Schematic Diagram of the Two-dimensiocnal Problem

The input radiation Io is a parallel beam, diffusion
velocity, vi, is taken as negligible, and the chemical reaction
rate )} i8 also taken aa negligible. Ignoring vi (a good
assunption on the time acale of the radiative pulse) effectively
decouples the space dimensions x and y (this coupling ie achieved
solely through the radiative input), and renders the problem
guasi-one dimensional.

The resulting equation is:

oF
7-) S + 1\3, gg:f:A(Z)

where:

The dimensionless apace coordinates along the x and y directions
are designated as X and 2, respectively.
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- Sardian g ar,

s The equation is solved for the conditions:?

V = constant

F 0 for T= 0 for all X, 2

F O for X = 0 for all T, 2

L]

It is put into backward difference form and solved
numerically:

8) E = &

ire

The indices i, J), k refere to X, Z.'Z;reapectively.

The relative lamp intensity, I,, was scaled from Figure 10,
while the spectral absorption coefficient,« -, was taken as that
for 02 from Figure 11 in the text. They were used to form Table
IA which was used as input data.

In computing A(2) it was assumed thate«, was constant
throughout space. This is a good assumption when F is sasmall,
because then the density of molecular oxygen is essentially
constant throughout space. However, for high levels of AL

dissociation (F > 100) this is a poor assumption (dissociation is ;f:}
approximately 6 percent at F=100) and for F > 800 it is an o
unsupportable assumption. Future work will omit the assumption NENE
of conatanta(?and allow it to vary throughout the field. i:;:
Ry
i
o -\.-
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i
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Table 1A

Spectral Lata Used In Computation

LAMBDA,rm ireistive ALPHA,1cm

T APRLL LA LS S A Y S IR

142. .2 395
145 .S7 7

147.5 .75 33T .
152 .73 282 N
162.5 .41 250 :
155 .29 282 s
157.5 .34 133 E

169 .35 22 . .
162.5 .2 85 :
165 .3 55
167.5 33 33

17¢ .32 20.4
172.5 .2 12.6
175 .27 3
177.5 17 .43
180 .14 112
182.5 .1 .039
185 .65 81132
187.5 .07 _.ges2
190 . 055 .002¢82 -
192.8 .065 .0010s -
195 .05 . 20055 -
197.5 .045 .000425
200 .055 .000349%
202.5 .06 .0ee32s
205 .06 .eeces
207.S .03 .520278
210 .1 . .022254 :
212.5 .105 .20023 :
: 215 13 .000206 :
b 217.5 .15 . .000182
i 220 .18 .000161
o 222.5 19 .200120
!f 225 .17 .000119

T L ey,

I .

e

7.5 .24 .0001

o 230 .2 8.41E-5 o
o 232.5 .28 6.23€-5 ‘
e 23S .26 4,95E-%
o 237.5 23 y.8%E-%

. 240 .ol 2.87E-S
L o42.5 o4 1.97E-5
o 248 .2 1.35€-5
i
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Inclusion of O Atome Recombination

e > o - - e e —— " e ————— ———  — —— ———

The effect of oxygen atom recombination is added to the
model, and is included in the chemical reaction term L ek
Aol
defined above.

The three body oxygen atom recombination reaction is:

0+0+M—L‘f—90‘;+r4

| /[0] = -2 /(a [0_71[”] ""’/"/’”'3“‘"
7z

_ . dre

— A——

~ch ~ /é

where subscript i refers to the O-atom.

The density of the overall mixture changes even at constant T, P
aa the total number of moles changes.

The starting mixture isa, A //Z -'- B 02-
M, =28

Y O

which is the same as,

11 >
7t =Tk R f

where: ﬁo = —/%9— , moles/cm3
A

r)o = oxygen atom number density
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where: jD' the mixture mass density, ies explicitely indicated eas

moles/cm3 mass.
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.~ - The third bodiea are 02 and H2,

~ﬁ4 = ﬁ{‘_ +-F07, moles/cm3

The number of moles of 02 is given by:
= /
: My, = Aézl —L N
= - L
ﬂ b ﬁ LS 2 ﬁ .
But,
.Pa - .ﬁc ~
= - L F
ﬁ * ﬁz_-r 2 foc
/
= + JD —_— = F
S0 = o T Jay T2 Soe -
o
‘P M j} 2 ﬁ ¢ ;i_i;'_’:‘.
% where:j:?l the initial molar density of the mixture,
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The second term on the right of eq. (3) becomes: ;E;

: T i A

i > 3 s

td' ’“,/;c‘ — - 2— fd. kp MO /{;AC] [fz F“"i‘ ﬁ.c F] - i::;:
ﬁ" udd Z“ fml.ﬂ’ );‘C

Now, .‘
_ _ P
&  Leass T JF N T RT M

Where Mw is the molecular weight of the mixture,
.gi‘;?j 2N, +32 Ny +H M
Py M
- w Ny + Noo + N
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Where subscript I refers to initial conditions,
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where‘tch in the dimensionless group;EK‘ is given by:

2.
2k [52] g

|
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zh f"““.z:‘ X'c
3
2k, Mo o
janltiz. .Z;Z{
_ kMo,

“ﬁ:lU{z_ 2:2:

Egq. (9) is the expression for the next to the last term in eq (6).
Thus, it must be added to the right hand side of eq. (7) in order
to sccount for oxygen atome recombination. Similarly, in eq. (8)
it adds directly to the term A(2).
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